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ABSTRACT
Magnetic tweezers (MT) are single-molecule
manipulation instruments that utilize a magnetic
field to apply force to a biomolecule-tethered
magnetic bead while using optical bead tracking
to measure the biomolecule’s extension. While
relatively simple to set up, prior MT implementa-
tions have lacked the resolution necessary to
observe sub-nanometer biomolecular configuration
changes. Here, we demonstrate a reflection-
interference technique for bead tracking, and show
that it has much better resolution than traditional
diffraction-based systems. We enhance the
resolution by fabricating optical coatings on all
reflecting surfaces that optimize the intensity and
contrast of the interference image, and we
implement feedback control of the focal position
to remove drift. To test the system, we measure
the length change of a DNA hairpin as it undergoes
a folding/unfolding transition.
INTRODUCTION
Over the past 10 years, a variety of experimental
techniques have been developed that allow the mechanical
manipulation of a single biological molecule and the
sensing of its interactions with other biomolecules (1–3).
These single-molecule measurements are extraordinarily
sensitive, as they are capable of applying piconewton-
scale forces and measuring displacements of nanometers,
allowing them to provide direct data on the molecular-
scale workings of biological systems. Importantly, these
data are quantitative, and can thus be directly compared
to other information, such as crystallographic structures
or biochemical / biophysical theories, in order to attain
a complete understanding of biomolecular behavior.
The magnetic tweezer (MT) is a simple and stable tool
to stretch and twist biomolecules and to measure their
extension over time (4–8). It is based on the manipulation,
using magnetic ﬁelds, of a paramagnetic bead (1–5mmi n
diameter) that is tethered to a glass surface through a
single biomolecule. The ﬁeld applies a force to the bead
that stretches or twists the molecule. In a typical
experiment, a physical change to the tethered biomolecule
causes its extension to increase or decrease, raising or
lowering the vertical position of the bead. Traditionally,
bead height is measured by analyzing the bead’s
diﬀraction image when viewed in a transmitted light
geometry (9,10). Thus, the MT’s capability to measure
physical changes to the biomolecule depends on the
ability to relate variations in the diﬀraction image to the
position of the bead.
The resolution of any single-molecule technique is
impaired by two sources of noise: the Brownian motion
of the bead, which can be reduced by using small beads,
high forces, and short tethers, and the intrinsic resolution
of the instrument, which depends on the sensing technique
utilized and the instrument’s stability. In typical
diﬀraction-based MT setups, the intrinsic resolution is
limited to  1nm (10), which suﬀers in comparison to
high-resolution optical tweezer methods (11). This low-
resolution originates from the relatively small lateral
motion of the diﬀraction interference fringes with bead
height. Limited resolution is acceptable in the low-force
regime, where Brownian motion of the tethered bead
dominates the experimental noise. However, when using
high forces, Brownian motion is reduced and the intrinsic
resolution becomes limiting.
To overcome this limit, we have adapted Reﬂection
Interference Contrast Microscopy (RICM) to the MT.
In RICM, objective-side illumination creates an
interference pattern between rays reﬂecting from a glass
surface and those reﬂecting from an object in solution
located near to the surface (12,13). Bead height is
calculated by comparing the measured interference
pattern to a theoretical model that predicts the fringe
shape based on the optical geometry (13). Importantly,
the interference fringes from RICM have a much larger
variation with bead height than those from diﬀraction.
Indeed, prior applications of RICM have indicated
sub-nanometer accuracy in measured bead height is
possible (14,15).
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First, the optical properties are not ideal: both the
magnetic beads and the glass surface have a similar
refractive index as the surrounding solution. Without a
signiﬁcant diﬀerence in refractive index, little light would
be reﬂected from each interface, allowing background
illumination (stemming from, e.g. internal reﬂections
within the bead) to obscure the RICM interferogram.
Thus, it is necessary to adjust the properties of each
surface both to achieve optimal interferogram intensity
and contrast and to cut-oﬀ background light. Second, to
accurately model and analyze the RICM interference
pattern, the image plane of the microscope must be
stably maintained at a known, ﬁxed position—in parti-
cular, at the glass-water interface. Thus, it is necessary
to minimize the defocusing eﬀects of thermal and
mechanical drift. We overcame these diﬃculties by,
respectively, fabricating optical coatings on all reﬂecting
surfaces that optimize the intensity and contrast of the
interference image, and implementing feedback control
of the focal position to remove drift.
MATERIALS AND METHODS
Materials
DNA samples. DNA constructs with a single hairpin were
based on PAGE-puriﬁed DNA oligomers (Integrated
DNA Technologies) that have a hairpin sequence, and
non-palindromic ligation sequences at each end. The
hairpins (S20T8, S30T8) have 20-bp stem and 8-nt
Thymine-loop (S20T8) and 30-bp stem and 8-nt
Thymine-loop (S30T8), of which stem sequences are GA
GTCAACGTCTGGATCCTA and GAGGCGGTCGCC
TGCGCACGCTGGCCTCGC, respectively.
The 50-end of the hairpin was ligated to an 800-bp
dsDNA handle with a 14-nt complementary overhang at
one end and a digoxigenin label at the other end, while the
30-end of the hairpin was annealed to a 15-nt oligomer
(Integrated DNA Technologies) with a 50 biotin label.
The dsDNA handle (800bp) was prepared by means of
Autosticky PCR using Lambda-phage DNA (New
England Biolabs N3011) as the template, one 50
digoxigenin-labeled primer (MWG Biotech), and one
primer with a 15-nt extension after a deoxyribose spacer
site (Integrated DNA Technologies) to achieve the
speciEed dsDNA length and 50-end (16). A 1738-bp
double-stranded DNA without a hairpin was prepared
by means of PCR using Lambda-phage DNA as the
template, and primers containing, respectively, 50
digoxigenin and 50 biotin labels (MWG Biotech).
Beads. Magnetic beads of 2.8mm diameter (Invitrogen
Dynal-M280) were used for the diﬀraction measurements
and 4.5mm-diameter magnetic beads (Invitrogen Dynal-
M450) were used for the RICM measurements. Dynal
M450 beads have 5% polydispersity in diameter. Our
simulation (see below) indicates that a 5% polydispersity
aﬀects the measured bead height by <3%; direct
measurement of the individual tethered bead’s diameter
would reduce this error. One micrometer-diameter
polystyrene beads (Bangs Laboratories PS04N) were
used as reference objects stuck on the coverglass.
Optical enhancement of reﬂecting surfaces
To enhance each surface’s optical characteristics for
RICM, both the magnetic bead and the glass surface
were coated with nanofabricated thin layers (Figure 1).
To make beads with a half gold surface, the solution of
magnetic beads was dried on a ﬂat solid surface. The
surface was coated sequentially with Ti (5nm) and Au
(50nm) using electron-beam metal evaporation; the
Ti layer acts as an adhesion layer between the polystyrene
of the bead and the gold. Half-coated beads were
resuspended in phosphate-buﬀered saline using sonica-
tion, and puriﬁed by magnetic separation. Separately,
the glass substrate was sequentially coated with TiO2
(50nm, n=2.5) and SiO2 (25nm, n=1.42) using
electron-beam dielectric evaporation. The coatings were
fabricated in the UCSB Nanofabrication Facility using
Temescal electron-beam evaporators.
Immobilization of DNA
The magnetic bead’s gold-coated surface was biotinylated
by incubating overnight in a biotinylation reagent (0.2%
w/v Sulfo-NHS-SS-Biotin in Phosphate-buﬀered saline,
pH 7.4): the Sulfo-NHS-SS-Biotin (Pierce Ez-Link) was
used after reducing the disulﬁde bond with TCEP
(Sigma). The biotinylated gold surface was then coated
with streptavidin (Roche Diagnostics). The coverglass’s
SiO2 surface was coated with an anti-digoxigenin
antibody (Roche Diagnostics) through non-speciﬁc
adsorption.
In both the diﬀraction and RICM measurements, the
biotin and digoxigenin labels on the DNA were bound,
respectively, to the streptavidin on the magnetic bead and
the anti-digoxigenin on the coverglass (Figure 1a).
Magnetic tweezer (MT)
The basic MT system is shown in Figure 2. We used an
inverted microscope (Nikon TE2000-U) with an oil-
immersion objective (Nikon Plan APO 1.4NA 100 ).
The applied magnetic ﬁeld is generated by a pair of
permanent (NdFeB) magnets (12.5mm cubes, DuraMag
NS-505050) located above the sample stage, separated by
1mm, and with their magnetic moments aligned anti-
parallel to each other. Variation of the ﬁeld in the
sample plane is achieved by translating the magnets with
a DC servo motor (Physik Instrumente M-126.PD1) in the
range between 1 and 25mm from the stage. Magnetic
beads can be rotated about the illumination axis by
rotating the magnet pair with a DC servo motor (Physik
Instrumente C-150.PD); we use the trajectory of rotated
beads to exclude mis-tethered beads (17).
We calibrate the force applied to magnetic beads by
analyzing the power spectrum of measured lateral
ﬂuctuations, as is standard for such techniques (9).
Based on that analysis, we estimate the uncertainty in
the measured force to be 10%.
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Detail of the illumination scheme and stabilizing method
were as explained in Ref. (10,15). Brieﬂy, there are
separate light sources to make the diﬀraction and inter-
ference image of the beads (Figure 2). A monochromatic
incident beam (red) from an LED enters through the gap
between the magnets and creates a diﬀraction pattern of
the bead on the image plane. A second monochromatic
beam for RICM (green) uniformly illuminates the image
plane by focusing the incident beam on the back focal
plane of the objective lens; the smallest achievable
illumination numerical aperture (INA) is 0.48. The
images were then acquired with a CCD camera (JAI
CV-A10CL), which has 60Hz frame rate and 3.3ms
minimum exposure. From each acquired image, lateral
center positions and height (x, y, h) and radial averaged
intensity proﬁles of the interference image I(r) of magnetic
beads were calculated and stored in real time using custom
written tracking software. In the diﬀraction method, h
was calculated in real-time from previously-acquired
calibration images. In RICM, h was estimated in
real-time by scaling the radius of the ﬁrst interference
ring with a sensitivity factor pre-estimated numerically
for each bead. After completing the experiments, h
values for RICM were re-calculated from the stored I(r)
using custom written analysis software. The illumination
and the imaging method are chosen by switching the ﬁlter
block and the tracking-software.
The piezo objective positioner (Mad City Labs F-100)
on which the objective lens is mounted was used to
implement feedback control of the focal position for
RICM, and to make the calibration image for the
diﬀraction method; it has 0.2nm spatial resolution,
20ms time response and a 100mm travel range.
RICM re-analysis
In RICM-based measurements, all h values were
re-calculated from the stored I(r) after ﬁnishing an
experiment. Each acquired intensity proﬁle I(r) was
compared with a series of intensity proﬁles IS (r,h)
simulated based on Ref. (13); simulated proﬁles were
calculated for every 1nm change in bead height. The
absolute squared diﬀerences  
2(h) for pairs of I(r) and IS
(r,h) were calculated, and the ﬁnal value of h was selected
by interpolation in the vicinity of the minimum  
2(h).
Details of simulation methods and parameters of
RICM-intensity proﬁles are discussed in the
Supplementary Data.
Stabilization for RICM-based measurements
Low-frequency drift from the apparatus restricts the
low-frequency limit on measurable transition rates. To
minimize defocusing due to the low-frequency drift, we
implemented an active stabilizing method that uses
image-analysis-based feedback control of the focal
position through piezo-driven motion of the objective
Figure 1. (a) Schematic diagram of optical and biochemical coatings.
(b) Electron micrograph of 4.5mm diameter gold-coated beads; the
bright half of each bead is the gold-coated surface. Scale bar: 2mm.
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Figure 2. Schematic diagram of the experimental setup. AD: aperture
diaphragm, FD: ﬁeld diaphragm, IF: incident bandpass ﬁlter, OF:
imaging bandpass ﬁlter, TL: tube lens, PL: parfocal lens, M: beam
splitter, P: piezo objective positioner, Obj: objective lens. CCD is a
CCD camera with 60Hz frame rate. The inset shows the geometry of
both the tethered bead and the transmitted and reﬂected beams.
PAGE 3 OF 7 Nucleic Acids Research, 2009,Vol.37, No. 20 e136lens (15), where the feedback control automatically
adjusted the objective position every 1s. As shown in
our prior work, this feedback method decreased the
drift-induced apparent ﬂuctuations in bead height to a
standard deviation of 0.12nm (at a 60Hz frame rate)
and was stable over tens of minutes.
The high-frequency limit on measurable transition rates
is set by the time-response of the bead (e.g. how fast can
the bead move after a step-like change in tether extension),
or by the frame rate of the camera (16ms), whichever is
less. Here, due to the high forces and short tethers used,
the frame rate of the camera is the limiting parameter.
RESULTS AND DISCUSSION
Eﬀect of optical coating
To optimize the quality of the interference image, we
coated the magnetic bead and the glass surface with
nano-fabricated layers that enhance each surface’s
optical characteristics (Figure 1). The gold-coated
surface of the magnetic bead increased the reﬂectance to
80% and completely removed background light from
internal reﬂections within the bead. A further advantage
of the gold coating was that it retains biochemical
functionality through thiol chemistry. A high refractive
index TiO2 layer on the coverglass increased the
reﬂectance of that surface, while the SiO2 capping layer
enabled biochemical functionality. In combination, the
gold and dielectric coatings increased the interference
pattern’s intensity 16-fold and its contrast by 60%
(Figure 3). As result of these improvements, we can
apply RICM based tracking for bead heights up to
1mm, corresponding to 3kbp dsDNA tethers.
Comparison with traditional method
To evaluate our RICM-based method and to compare it
to the traditional diﬀraction-based method, we performed
MT measurements of the force-induced folding/unfolding
transition of a DNA hairpin structure (Figure 4a) (18).
Figure 5 and Supplementary Figure S1 show that the
hairpins repeatedly fold and unfold at a constant applied
force near the critical force. The critical forces are
10±1pN for S20T8 and 12±1pN for S30T8. Based
on the hairpin length and the elasticity of ssDNA (19),
the expected changes in extension for the folding transi-
tion are 17.4±0.8nm for S20T8 and 27.8±0.6nm for
S30T8.
Sensitivity comparison. We tested the relative sensitivity of
the two approaches by comparing the radial intensity
proﬁles from diﬀraction to those from RICM for two
bead heights, corresponding to the open and closed state
of the DNA hairpin S20T8 (Figure 4b and c). For the
same change in bead height, the RICM fringes varied
much more than the diﬀraction fringes, indicating the
intrinsically higher sensitivity of the RICM-based
method. In particular, the ﬁrst diﬀraction fringe shifted
by 3.8nm in the sample plane, while the ﬁrst RICM
fringe shifted by 62nm (Figure 4d and e). Thus, our
RICM strategy provides roughly a 16-fold improvement
in instrumental resolution. Given the  1nm intrinsic
resolution of diﬀraction (10), we expect the RICM-based
MT will have an intrinsic resolution well below 1nm.
Accuracy calibration. The diﬀraction-based measurement,
while less precise, has the virtue of relying on an accurate
experimental calibration scheme that relates bead height
to fringe motion (9). In contrast, calibration of the RICM
fringes relies on a theoretical model (13). To experimen-
tally verify the accuracy of the model, we compared the
diﬀraction- and RICM-measured extension diﬀerence
between the folded and unfolded states of the hairpins
(Figure 5 and Supplementary Figure S1). Figure 5 shows
diﬀraction- and RICM-measured time traces and height
distributions for beads tethered by hairpin S20T8
stretched near its critical force (similar data on hairpin
S30T8 is included in the Supplementary Figure S1).
For S20T8, the measured changes in extension are
17.5±0.2nm for diﬀraction and 17.4±0.2nm for
RICM, while for S30T8, they are 27.6±0.1nm for
diﬀraction and 27.4±0.2nm for RICM. Thus, within
the experimental error, the results are in agreement both
with each other and with the expected extension change,
(a) (c) (b)
Figure 3. Interference images formed by reﬂected beams from the surfaces of (a) an uncoated bead and a coverglass, (b) a gold-coated bead and an
uncoated coverglass and (c) a gold-coated bead and a dielectric coated coverglass. In image (b), the intensity of interference below the bead is
saturated because of the high reﬂectance of the gold surface. The intensity in (c) is about 16 times higher than that of (a), and the contrast in (c) is
 60% higher than that of (a). For the image in (c), a 16  neutral density ﬁlter is placed in the optical path of the incident illumination, which
reduces background reﬂection intensity and prevents saturation of the CCD. Scale bar 2mm in (c).
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The RICM-based measurement shown in Figure 5b and d
has a larger variance than that of the diﬀraction
measurement (Figure 5a and c); this is not related to the
instrumental resolution: basic ﬂuctuation/dissipation
arguments indicate that the larger bead size used here
for the RICM-based measurement leads to a larger
predicted Brownian ﬂuctuation (20), which dominates in
the force regime used in this calibration experiment.
At constant applied force and tether length, smaller
beads have less thermal noise; thus it is desirable to use
smaller beads in the RICM measurement. The RICM
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scheme and the height calibration method) can be applied
to smaller beads without any changes in protocol.
However, the RICM method requires a smooth bead
surface to generate a clean interferogram; thus far, we
have found only the Dynal 4.5mm diameter beads (and
not the Dynal 1 or 2.8mm diameter beads) to have an
adequately smooth surface. Future work is needed to
either identify a manufacturer of small, smooth magnetic
beads, or to fabricate them directly.
Resolution test
We demonstrate the resolution of the RICM-based
measurement by measuring the height of both a
magnetic bead immobilized directly on the coverglass
and a magnetic bead tethered by a single 1738-bp DNA
molecule. Figure 6a shows a time trace of the apparent
height of the immobilized bead in the absence of applied
force. Using active stabilization, which uses a melted
polystyrene bead as a reference mark (15), the focal
position of the objective is maintained in the vicinity of
the solution/coverglass interface. However, it is impossible
for the focal position to be maintained in a perfectly stable
fashion. Furthermore, non-speciﬁcally immobilized beads
are known to undergo small motions (21). Thus, we
attribute the ﬂuctuations in Figure 6a to the imperfect-
ness of both the active stabilization and the bead
immobilization method. The data thus indicates that the
instrumental resolution of RICM is below 0.2nm in
standard deviation (Figure 6c and e).
Figure 6b shows a time trace of the tethered bead
subject to  23pN of applied force. The corresponding
standard deviation (Figure 6d and f) indicates the actual
resolution: 0.62nm at 8ms exposure and 60Hz frame rate,
and 0.2nm using a 500ms window median ﬁlter. Here,
the resolution is limited by the Brownian ﬂuctuations
allowed by the ﬁnite elasticity of the tether; they are
well-accounted for by the Langevin theory (17), which
predicts a standard deviation of 0.61±0.05nm at 8ms
exposure.
When the applied force reduces the bead’s Brownian
ﬂuctuations below 0.25nm, we expect the RICM-based
measurement can resolve sub-nanometer changes in bead
height with a signal to noise ratio (SNR) >4. This is
emphasized by the data in Figure 7a, which indicates the
standard deviations of the trace in Figure 6b as a function
of the window size of the median ﬁlter. In practice,
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(22); furthermore, the choice of window size will be
determined by the kinetics of the studied extension-
changing process. Thus Figure 7b indicates that, for a
1738bp tether under 23pN of force, 1nm steps can be
resolved by RICM if they occur more slowly than
 225ms.
CONCLUSIONS
We have demonstrated a high resolution MT based on
RICM with a greater than 10-fold resolution increase
over the traditional diﬀraction method. This improvement
was enabled by the intrinsically higher sensitivity of the
RICM fringes, the inclusion of thin ﬁlms that enhanced
the quality of the RICM interferograms, and the use of an
active stabilization routine. We used a biomolecular
calibration based on DNA hairpin unfolding to show
that the RICM measurement of the length change is
accurate. Our results show that the RICM-based MT
system is well suited to precision measurements of
conﬁguration-changing biomolecular activity. We expect
this system will provide a simple and powerful tool for the
investigation of the physical properties of biological
molecules.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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